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We w i l  illustrate how atom beam scattering (ABS) can be used to study the growth and ordering 
of adsorption of Hg on CuCOOf ). At low coverage (less than 2% sf  a monolayer), we obtain that 
the scattering cross section of He with (adsorbed) Hg is about 50 A'. We find that mercury forms 
two stable phases on Cud001 ) in the temperature range between 200 and 330 K, a c ( 2  x 2) and a 
high density c(4 2:4) phase. From ABS difEraction data, we can deduce the cormgation of the 
surface electron charge density of the mercury layer in the two ordered phases. From the analysis 
of our data, we obtain a Bebye temperature for the Wg overlayer of about 11 5 K. We will report 
preliminary calculations on the adsorption energy of Hg an Cu (081 ) and on the interaction sf  He 
with a Hg preplated Cu(001) surface. 
I. lNTROBBdCTtON 81, EXPERIMENTAL 
Improvements in characterizing and probing surfaces as Our ABS apparatus is schematically shown in Fig, 1. It 
well as an increased interest in the microscopic properties of consists of a beam line, where the He beam is formed and 
surfaces and interfaces have spurred a great deal of research collimated; a vannple preparation chamber equipped with Ar 
on the structural characteristics of ultrathin films on crystal- ion sputtering gun, mo~ecular-beam epitaxy (MIBE), and 
lsne surfaces.' In this work, we will illustrate how the com- evaporation sources for thin-film depositions, and a scatter- 
bined use of two surface se~lsitive techniques, atom beam ing chamber in which a reverse-view, four-grid EEED optics 
scattering (AWS), and low-energy electron diffraction and a rotatable quadrupole mass spectrometer (QMS) are 
(LEED), can be exploited to obtain detailed information on located.' The He beam is formed by the expansion of up to 
the growtl~ and ordering nf mercury on Cu(001). 500  psi pressure of He gas through a 10p nozzle mto vatu- 
We chose to study the Hg/Cu(OOl) system for several urn. The beam energy can be changed by cooling the nozzle 
reasons. First, there has been conasiderabible interest lately in with a Heli-Trans continuous flow cryostat. Beam energies 
the electronic structure of mercury layers on metal SUP- of 21 and 63 meV were used in this study. 
faces.' Particular attention was given to the Issue of the met- The sample is mounted on a VG long-travel (600 mm) 
al-insulator transition.' Second, the hct that the mercury manipulator; the sample can then be moved from the sample 
layer could be easily deposited and removed made the preparation chamber into the scattering chamber. Operating 
Hg/Cu system an ideal candidate for studies of growth and pressures in the ultrahigh vacuum (UHV) chambers are in 
ordering of overlayers otn metal substrates. Because of the the mid 10 - '" Torr range. The sample can be cooled down to 
large size of the Hg atom and the weak chemisarption of Hg 140 K and heated up to 1300 K. The sample temperature was 
on many metal surfaces,'.' we expected to find that a system measured with a chrome]-alumel thermocouple. The sam- 
such as Hg on Cu(001) would show interesting phenomena ple angles (8, polar angle made by the incoming beam and 
as the result sf a conlpetition between adsorbate-adsorbate surface normal; 4, azimuthal angle for rotation around sam- 
and adsorbate-sub5trate interactions. Finally, recent reports ple normal) can be changed, as well the position of the ma- 
of ultraviolet photoelectron spectroscopy (UPS) studies of nipulator axis. 
Hg on Cu(Ob)l) indicated a change in the electronic struc- The He beam is detected by a QMS (Balzers), which is 
ture of Hg, which could be reiatcd to the strain associated housed in a differentially pumped endosure. The detector is 
with the formation of an Hg layer with lattice constant 20% mounted on a doubly differentially pumped rotatable plat- 
greater than the nearest neighbor distance in bulk Hg.$ form that can be rotated by 190" around the manipulator axis 
As in a preliminary study to this s ~ s t e m , ~  LEED was used by a stepping motor. 
to obtain the phase diagram and for a rapid determination at The Cu(W8 9 sample IS cleaned prior to each experiment 
the ordered structures of the overlayer. With ABS, out of the by Ar ion sputtering ( 1-2 kV, 1 PA) and annealing up to 
many possible interpretations of the LEED results, the over- 6W "C. Contamsnation can be monitored by a retarding field 
layer structure could be unaiquely identrfied. Additional in- analyzer using Auger electron spectroscopy (AES) . We de- 
formatic~n. such as the Debye temperature of the overlayer termined that a better indicator of surface perfection was the 
or the scattering cross section from isolated Hg atoms, have measurement sf the height and shape of the He specularly 
also been obtained by ABS, as will be described below. reflected beam. 
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Scattering 
chamber 
Triple distilled mercury is admitted in the sample prep- 
aration chamber through a UHV leak valve. The pressure is 
measured by a nlude ion gauge located in the scattering 
chamber. We found that mercury adsorbed only on a rather 
clean copper surface. Noticeable desorption occurs above 
room temperature, as ~neasured by the attenuation of a dif- 
fraction beam of the overlayer with the reduction of the Hg 
ambient background pressure. Therefore, most of the ad- 
sorption experiments were done at temperatures less than 
270 K. Once a Iayer is formed, very little contamination is 
accumulated during a typical data acquisition interval ( 1/2 
h) ;  the surface, r.e., Car(Wll plus mercury Iayer, is periodi- 
cally cleaned by Washing it to 200 "C. No trace of mercury is 
left OII the surface and no amalga~naticm or alloying has been 
observed with UPS." 
111. RESULTS 
In Fig. 2, we show the attenuation of the He specular in- 
tensity as a function of time, while mercury is admitted into 
the chamber at a pressure (uncorrected for ion gauge Hg 
cross section) of 3 i( LO " Torr. The coverage range ex- 
plored in the experiment reported in Fig. 2 is from 0 to about 
1.5% of a monolayer [here coverage is indicated as 6 - Hg 
atoms/Cu atoms on the (081) surface]. 'The surface tem- 
perature is 245 K. As can be seen, the initial attenuation of 
the reflected He beam is linear in the mercury exposure. In 
Fig. 3. we %how a complete adsorption curve; after the initial 
drop, the intensity of the specularly reflected He beam recov- 
ers. There is a kink in the curve at about 8.4 Langmuir (L) 
and the signal peaks at 9.8 L. Here the Hg pressure is 
1 X 10 "err and the surface temperature is 245 K LEED 
and AWS angular scans show that, at the coverages corre- 
sponding to the position of this kink, a ~ ( 2 x 2 )  structure 
with lattice parameter a = 3.6 A is formed on Cu(0131) (the 
d. Vac. Sci. Technol. A, Vo!. 8, No. 3, WWay/Jun 1990 




ideal coverage is B = 0.5). Where the signal peaks in Fig. 3, a 
high density ~ ( 4 x 4 )  phase is formed (with coverage sf 
0 . 6 2 ) .  This structure corresponds to a square Hg lattice with 
next neighbor distance of 3.22 A rotated by 18.4 from the 
( 118) direction of the Cu lattice.> 
He diffraction scans for these two structures are reported 
in Fig. 4. These scans were taken at the position of the kink 
and peak as discussed above. The overlayer for each cover- 
age studied was annealed to about 370 K and then the sur- 
face temperature was lowered to ahout 150 K to have a more 
favorable Debye-Waller factor. Care was taken to avoid de- 
sorbing or backadsorbing mercury in the heating/cooling 
cycles, respectively. 
The attenuation of the specular He peak from a mercury 
Iayer as a function of surface temperature is reported in Fig. 
5. From this figure, a Debye temperature for the Ng layer 
can be inferred as illustrated in the next section. 
I I 
0 30 60 90 
Time (set) 
FIG. 2. Adsorptin~l of FIg on Cu(001) measurcd by He specular scattering. 
P,,, = 3 X 10 "err. T> = 245 K. The lcak valve was opened at i = 20 s. 
Q, - 70". 
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Exposure (bangmuirs) 
FIG. 3. Same as Fig. 2. P,, = 1 X 10-' Torr. Left arrow corresponds 
formation of c(2X2),  right arrow to high density ~ ( 4 x 4 ) .  
-I i I 
38 4 5 60 7 5 
ff, (degrees) 
Ht has already been shown that He scattering is very sensi- 
tive to the presence of adsorbates at small c~ncentrat ions.~.~ 
It was found that the scattering cross section of He interact- 
ing with a single adsorbed atom or molecule is similar to the 
gas phase cross section for the same system. Intuitively, one 
can explain this by the fact that in both cases it is the long 
range part ofthc interaction that leads to the scattering of He 
away from the specular direction. 
Following Ref 7 (b  ) , we have 
I / I ,  = [ 1 - o)ff, (1) 
. - 
FIG. 4. He diffraction from s c ( 2 x  2) (top) and high density ~ ( 4 x 4 )  (bot- 
tom) Hg overlayer on Cu(001). Diffraction beams are labeled with respect 
to the overlayer net. Angle $ is with respect to the   TO) direction in the 
copper crystal. E, = 21 meV; 6, = 71.25" (top) and 70" (bottom). 
with a = Z / A ,  where E is the He-Hg scattering cross sec- 
tion, A is the area of the substrate unit cell and I,, is the He 
specular intensity from the clean surface. 
For small coverages, Eq. ( 1 ) yields a linear relationship 
" between He intensity and coverage: 
11'1, = ( 1  - 0)"zzexpb - G O )  zz l - a@. 
From Fig. 3, we estimate that from the positions sf the 
known ordered structures [i.e., c (2  X 2)  and c(4 X $1 I the 
sticking coefficient is approximately constant. We have also 
found that as the temperature is lowered, the exposures at 
which phase boundaries occur change little.5," In first ap- 
proximation, we can take the sticking coefficient as unity. 
We then obtain from a linear fit to Fig. 2 that n z 8  and 
therefore Z 50 W2. The main uncertainty in this measure- 
ment is the error made in assuming that the sticking coefi- 
cient is unity. For compabison, the He-Pb scattering cross 
section, when Pb is adsorbed on Cu(001), is about 80 A' 
(the size of an isolated Pb is about 10% larger than Hg).  
We can address why the intensity of the specular peak 
increases again with increasing coverage, and why the origi- 
nal intensity of the He specularly scattered beam is not 
achieved upon completion of the overhayer as seen in Fig. 3. 
In the case ofthe scattering of He from Xe," it was seen that 
the attenuation rate ofthe He scattered intensity changed as 
-1.01 I I 
18C 200 22Q 24 0 260 280 
Temperature (K) 
FIG. 9. Attenuation of the specular peak as a function of surface ternpera- 
ture for ahigh density ~ ( 4 x 4 )  Hg overlayer or. Cu(UO1). E, -- 663 meV. 0, 
= 40". 
Xe islands forn~ed on the Pt( l l 1) surface, but the intensity 
was not observed to cease decreasing. We can explain our 
mercury on copper data in terms of the Debye-Waller Fdc- 
tor. Using a conventional analysis of the Debye-Waller at- 
tenuation of a He beam scattering from a surface,'." we 
obtain 
P / P ,  = exp( -- 2w-j 
where E, is the incident beam energy, Tx the surface !,em- 
perature, m and M the mass of Me and Hg, respectively? k ,  
the Boltzrnann constant, D is the He-Hg plated Cu(001) 
potential well depth, and 8, is the Bebye temperature. 
From ap, analysis of data in Fig. 5 we obtain that 0, - 115 
K, where for D we used the value of 5.5 meV, as discussed 
later. Using similar experimental procedures, we obtained 
the Debye-WalIer factor for Gn (001 ); this gives an upparent 
Debye temperature for Cu(6)01), using the formula above, of 
320 K, a value that is comparable to what has been previaus- 
ly reported." In principle, a more sophisticated analysis is 
necessary to take into account the simultaneous interaction 
9. Mac. Sci. Techno!. A, Vsl. 8, Ns. 3, May/Jun 1990 
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of He with more than one Cu atom. In the case of the He-Hg <Z,, < 0.14 a, 
- 
overlayer system, the distance between IIg atoms is much 
larger (40%) and an interaction of a He atom with only one 
Hg atom is more likely. 
The difference in the Bebye-Waller factor for He- 
Gu(001) and He-Hg ~ ( 2 x 2 )  is not as large as the one ob- 
served between He-Pt ( 11 1) and He-Xe on Pt ( 1 I 1) . " We 
note that in fact, Xe physisorbs on most surfaces, while Hg is 
weakly chemisorbed, as illustrated later. 
We can now explain the source of differences in the signal 
for the Hg overlayer on Cu(001) as compared with the full 
intensity for Me on Cu; if we divide the He-Cu intensity by 
the He-Hg one, we obtain 0.37 [here we took the intensity of 
the ~ ( 4 x 4 )  structure]. The ratio of the measured Debye- 
Waller factors gives 0.52. The remaining discrepancy must 
be attributed to the fact that part of the He scatters in diffrac- 
tion channels in the case of the mercury overlayer, while 
almost all the elastic intensity is channeled into the specular 
peak in the case of He-Cu(001). Furthermore, the spccular 
peak increases slightly upon annealing of the overlayer. We 
note that all the information obtained from figures such as 
Fig. 3 relates to the same area on the crystai. In such a ease, 
the same defects and imperfection are monitored during the 
adsorption process. 
It  is of interest to know the 'korrugation9' of the surface, 
i.e., the variation of the electron surface charge distribution 
sampled by the He atom. This information is used in a var- 
iety of atom/mslecuIe-surface processes, such as the influ- 
ence of corrugation on the change of rotational states of mol- 
ecules on surfiace~,'~ on diffusion (hopping)  coefficient^,'^ 
and on the determination of binding sites and defect distribu- 
tions," to name a few. 
To obtain an estimate of the amplitude of the He-surface 
potential modulation across the surface, which was demon- 
strated to reflect the modulation of the surface electron 
charge density,I5 we used the scattering formalism of the 
hard wall model in the eikonaI apprc>xirnation."." While we 
await a more complete set of data to perform the more so- 
phisticated close coupling calculations, the method em- 
ployed here should yield a good preliminary estimate on the 
surface corrugation, which could be compared with previous 
estimates for other systems. 
The hard wall is represented by the function 
Z ( z )  = 1/1Z(, [cos (2%rx/a + cos('ry/a) 1,  
& - 
where a is the lattice constant of a one-dimensional sinusoi- 
dal wall. l4 
From inspection of Fig. 4 and our calculations, we find 
this candition to be satisfied. For the c ( 2  X 2)  pkase, we End 
tZ, = 0.08 A, while for the high density ~ ( 4 x 4 )  phase we 
have &Z0 zz 0.03 A. 
These numbers can be compared with 0.3 A for He- 
LiF(001 ),'".e., a system with a large corrugation, 0.02 A 
for He-graphite (a  smooth substrate) ,'%and less than 0.081 
A for He-Ag ( 1 1 1 ),2" the latter one is a typical one of close 
or nearly close pack surfaces of metals. FOP CU (001 ) , no He 
diffraction has been observed. ' ' 
We have done a preliminary calculation of the He-Hg 
overlayer on Cu (001 ) interaction potential. Hg atoms, in 
the c( 2 X 2) configuration, were put on a Cu(001) surface; 
the distance of the Hg layer from the Cu surface (i.e., the 
distance between the planes of the nuclei) was found by caE- 
culating the equilibrium distance for a mercury atom inter- 
acting with the Cu(001) surface. We used Lennard-Jones 
Hg-HgZL and C U - C ~ ' ~  potentials and combination rules to 
obtain the Hg-Cu potential. The Hg-Cu layer distance was 
found to be 2.48 A, while the binding energy for Hg on 
Cu(001) 8.52 eV was in good agreement with the experi- 
mental value deduced from the isosteric heat at low coverage 
(0.05 of a monolayer) 0.48 eV." The isosteric heats as a 
function of Hg coverage [up to the completion cPf the 
c (2  x 2 )  phase] were obtained from adsorption and desorp- 
tBon isobars where the coverages were determined by ABS. 
To obtain the He-Hg overlayer potential, we followed the 
procedure in Ref. 23 and eased the He-Hg potential as deter- 
mined by gas phase e~per i rnents .~~ The resulting potential is 
shown in Fig. 4. The binding eraergy for He on the Hg layer is 
5.5 meV. The calculations here reported do not have any 
adjustable parameter. We also obtained that the most favor- 
able binding site for He on the c (2  X 2) Hg-Cu (00 1 ) surface 
is the four hollow one. The corrugation, i t . ,  the variation in 
the perpendicular direction of a isoenergy potential curve, is 
Zo = 0.3 A at 18 meV of energy, which is considerably high- 
er than the hard wall estimate obtained above. We attribute 
this discrepancy chiefly to the inadequacy of the Lennard- 
Jones model to describe the corrugation. Further work with 
more realistic potentials is under way. 
where n is the lattice spacing of the overlayer, while the prok- 
ability of scattering in the channel (m,n), where (rn,n) are 
integers appearing in the expression for the surface lattice 
vectors of the overlayer: G -- 2 ~ / a  (m,n ) , is given by 
Pm,,, -- cos Qg/c0s ei lAG i', 
with 0, the diffracted angle and 
( i ) ' " l . l "  
A ,  = -X Jl,,,l (c')J, , , ,  ( ~ ' 1 ,  
w h e r e ~  is a kinematical factor discussed in Ref. 14 and J,,,, 
__I-d 
and J . ,  are Bessel functions of order rn and n and c' is the 2.5 3.5 4.5 5.5 6.5 7.5 
momentum transfer corrected for the change in the particle z GI 
momentum when it enters the well multiplied by Z0.'63'7 Frc. 6. IIc-c(2~2)Hg/Cu(OUl j interaction potential. C is the potential 
This formalism should hold if the corrugation is not too calcupa*ed on of an H~ atom; B is on the bridge site, atld is on the 
hrge, i.e., fourfold hollow site. 
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$8. CONCLUSlONS 
We have shown how ABS (and LEED) can be used to 
obtain very detailed information on the early stages of 
growth and ordering of a metal layer on a metal substrate. 
We applied our technique to the case of mercury overlayers 
on Cu(801). We found that at coverages less than 2% of a 
monolayer, the He-Hg cross section is about 50 A*, signifi- 
cantly bigger than the hard sphere cross section (about 8 
2). Two stable phases have been identified: a c ( 2  x 21, with 
nominal coverage sf 0.5, and a high density c ( 4 ~  41, with 
coverage of 0.62. An analysis of He diffraction irltenisities 
gives a corrugation parameter Z(> of 0.16 and 0.06 A for abt: 
c(2X 2)  and ~ ( 4 x 4 ) ~  respectively. We have abo shown that 
He-monitored adsorption curves, irr which the specular in- 
tensity of He is monitored as a functio~, of overlayer cover- 
age at a fixed surface temperatare, can be very useful to ob- 
tain qualitative and quantitative information on the pmcess 
of growth and ordering of the overlayer. 
We are prese~tly working an obtaining ianforrnation on 
phase transitions w i t h  the Hg overlayer using ABS. 
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